The study demonstrates use of a novel intervention for severe tracheobronchomalacia (TBM).
T racheomalacia is characterized by congenital or acquired deficiency of supporting tracheal cartilage and may result in airway collapse, respiratory difficulties, acute life-threatening events, or death. Estimated incidence of congenital tracheomalacia is 1 in 2100 newborn infants. 1 While mild cases often resolve by age 24 months with conservative measures, more severe tracheomalacia necessitates intervention, sometimes including tracheostomy and ventilator support.
Poor clinical response necessitates escalation of intervention, including aortopexy, tracheal stenting, or tracheoplasty. A Cochrane review 2 emphasizes that current available interventions are associated with high rates of failure and complications. Animal studies of ad hoc bioresorbable external tracheal splints created from bioresorbable fixation plates have been attempted, but premature degradation and loss of rigid support have been reported. 3 The present report examines treatment of severe tracheomalacia with an extraluminal placement of a slowly degrading, bioresorbable tracheobronchial splint designed to have specific ideal properties. First, the splint is made of a bioresorbable material, polycaprolactone (PCL), that maintains support for a critical 24-month duration and subsequently degrades. Second, the splint was designed to predictably and effectively exert a balanced radial force in the axial plane restoring the native lumen size and resisting external compression yet allowing for internal expansion during growth. Third, the splint allows transverse plane movement and normal cervical range of motion. And finally, mucociliary architecture is unaltered by the external nature of the splint. 4 This splint may not address posterior membranous tracheal wall abnormalities. The splint is tested in a porcine model of severe tracheomalacia. Prior to the development of our model, our attempts to replicate models of tracheomalacia previously reported 3,5 resulted in animals with airway collapse intraoperatively during endoscopy but completely without symptoms after emergence from anesthesia and during observation for over 6 months (data not shown).
Methods

Splint Design
A collaborative effort between departments of pediatric otolaryngology-head and neck surgery and biomedical engineering produced a novel tracheobronchial splint designed to treat airway malacia at the tracheal and/or bronchial level. The splint had an open cylindrical bellow design with periodically spaced pores to allow suturing of the trachea within the splint. The splint was automatically generated using a custom-written MATLAB program that allowed specification of splint diameter, length, opening angle, suture pore spacing, and bellow wave period, height, and shape. Finite element analysis of compression, 3-point bending, and internal growth was performed on initial designs ( Figure 1A-C) . The design was generated as image data and directly converted to a surface representation in .STL format ( Figure 1D and E) as input data for manufacturing. This .STL file was also imported to a 3-dimensional (3D) model of the subject's trachea and/or bronchus to allow sizing for a customized fit. The splint was manufactured from PCL with 4% hydroxyapatite using laser sintering (Formiga P 100 system; EOS e-Manufacturing Solutions), a 3D printing technology, that has been adapted to use PCL to build complex 3D structures ( Figure 1F ). Approximately 200 splints may be built in 4 hours using this manufacturing technology. Prior to surgical implantation, all scaffolds were ethyleneoxide sterilized and allowed to outgas.
Surgical Model of Severe Tracheomalacia
Institutional Animal Care and Use Committee (IACUC) approval was obtained at the University of Illinois. The Yorkshire pig was used as a preclinical animal model because the porcine trachea has biomechanical and anatomic properties similar to those of the growing human trachea. 5 Based on extending the length of survival with intervention, it was determined through statistical power analysis that the minimum number of pigs required was 6 for an α value of 0.8. Twomonth-old Yorkshire pigs (n = 6) were randomly assigned to treatment (n = 3) or control groups (n = 3). Two additional pigs had the splint placed over their normal trachea. Polycaprolactone scaffolds were customized to fit porcine trachea from animals weighing approximately 20 kg. Each pig underwent surgical creation of the model for tracheomalacia illustrated in Figure 2 . Intravenous ketamine, tiletamine/zolazepam, xylazine, and atropine followed by inhaled isoflurane, 3% to 5%, were used for anesthetic. The volume of the anesthetic mixture was 0.1 mL/kg or 2 mL for 20 kg. Body temperature, heart rate, and breathing rate as well the palpebral reflex were monitored to assure the appropriate depth of anesthesia.
The cervical skin was prepared and draped in sterile fashion. An anterior cervical approach via a vertical, midline skin incision over the larynx and trachea was performed. The sternothyroid and sternohyoid musculature, thyroid, and cervical thymus were dissected and retracted laterally, providing wide exposure to the trachea. A malacic segment was produced by extraluminal resection of tracheal ring 3 followed by subperichondrial dissection of the next 4 consecutive tracheal rings. To ensure nearly complete or complete dynamic collapse, lateral dissection of the internal tracheal mucosal was carried posterolaterally and inferiorly allowing nearly complete dissociation from external tracheal layers resulting in complete flaccidity of the airway segment. Care was taken to limit endoluminal tears, though if encountered, a single, interrupted 4-0 Vicryl suture (Ethicon Inc) was used for repair. With the internal mucosa protected, the overlying tracheal rings were sharply divided, creating 4 inferiorly based, distinct, narrow strips. Visually, severe collapse was evident intraoperatively after model creation noted by external observation. The surgical sites of the 3 control animals were then closed.
In the experimental group, the tracheomalacia model was created as in the control animals, and then each animal had a 14-mm internal diameter PCL splint placed external to the trachea. The internal mucosa, or surgically created malacic segment, was suspended to the external PCL airway splint using 4-0 Vicryl or Prolene suture (Ethicon Inc) passed through pre-Copyright 2014 American Medical Association. All rights reserved. fabricated and designed needle holes in the splint. Four sutures were placed at the superior, inferior, and lateral aspects of the airway, with additional sutures placed as necessary. The malacic trachea was then suspended as the sutures were sequentially tied. The surgical sites of the 3 experimental animals were then closed. Antibiotic therapy, ceftiofur, 5.0 mg/ kg, was administered intraoperatively.
To differentiate the effects of the splint from the effects of surgically created tracheomalacia, a third group of animals underwent similar exposure of the trachea. The splint was then directly sutured to the intact trachea.
Postoperative Evaluation
Postoperatively, temperature, appetite, behavior, and tenderness at the incision and implant sites were monitored. Furthermore, the validated Westley Croup Scale was used for daily clinical assessments of the animals ( Table 1) . Scores for the control group were not included because survival duration did not extend beyond the first postoperative day. Overnight mortality was assigned a time of death of 23:59pm. To determine whether the differences seen between the 2 groups were statistically significant, a Wilcoxon rank sum test was performed. Statistical significance was defined as P < .05.
Results
At examination, the piglet tracheal rings were found to overlap in a spiral fashion posteriorly preventing collapse. The present model of surgically created tracheomalacia was created based on experiments with cadaveric pig tracheas.
Pig mean weight was 21 kg (range, 16-25 kg). No animals exhibited respiratory symptoms prior to surgery (Westley Score, 0). Complete or nearly complete inner lumen collapse was confirmed in all 6 pigs with surgically created tracheomalacia. The tracheomalacia was accompanied by severe audible inspiratory stridor in all cases. One pig was excluded secondary to an intraoperative emesis and aspiration event on induction prior to surgical model creation (this pig would have been in the control arm). There were no other intraoperative deaths or complications.
All 3 pigs with untreated surgically created tracheomalacia displayed severe stridor, cyanosis, and retractions postoperatively. The decision to kill was made when level of consciousness changes were displayed. Daily postoperative clinical Westley Scale scores are reported in Figure 3 . The animal with the longest survival with surgically created tracheomalacia, Copyright 2014 American Medical Association. All rights reserved.
into postoperative day 7, received the splint and had a Westley clinical score rising from 3, peaking at 11, and stabilizing in the moderate range. The 2 additional animals receiving the splint for surgically created tracheomalacia died between postoperative days 3 and 4 with minimal clinical signs of respiratory distress. The 2 pigs without surgically created tracheomalacia survived without symptoms over 6 months. Postmortem examination of the splinted pigs with surgically created tracheomalacia demonstrated peritracheal infection.
Overall duration of survival is detailed for each animal in Table 2 . Survival in the control group with untreated surgically created tracheomalacia had a range of 1 hour to 20 hours, 39 minutes. Survival in the splinted group with surgically created tracheomalacia was significantly longer (P = .0495), with a range of 84 hours, 14 minutes, to 167 hours, 9 minutes. No mortality was observed in splinted animals without surgically created tracheomalacia.
Discussion
Our report examines the efficacy of a computer-aided designed and manufactured, 3D-printed, bioresorbable external tracheal splint designed to treat pediatric tracheomalacia. The PCL laser-sintered splint demonstrated a statistically significant survival benefit in a porcine model of severe tracheomalacia.
Current options available to address severe tracheomalacia, recalcitrant to positive-pressure ventilation and tracheostomy, aim to suspend the flaccid airway segment, restore rigidity, or in the case of segmental resection, remove the weakened area. These interventions have high rates of complications, morbidity, and mortality and have yet to be subjected to randomized trials. 2 More recent reports support the use of aortopexy, with high rates of resolving acute lifethreatening events in experienced hands; however, treatment failures and complications such as phrenic and recurrent lar yngeal ner ve injur y have been reported. 6 -9 Complications of internal tracheal stents include stent migration, infection, erosion of nearby structures, need for revision procedures to modify or remove the stent, and secondary obstruction from reactive granulation. resorbable tracheal splint composed of 85:15 poly(D,L-lactideco-glycolide) (PLGA) applied to a porcine model but with premature splint degradation and loss of airway support. Our initial attempts using models similar to those used by Nalwa et al 5 and Shaha et al 13 did not maintain signs of respiratory distress postoperatively and would not likely have been able to delineate significant clinical benefit of intervention. An essential factor in producing severe tracheomalacia symptoms that were not transient was nearly complete anterior and lateral dissociation of inner tracheal mucosa. Otherwise, control animals had an unremarkable postoperative course. The severity of our tracheomalacia model allowed for the assessment of airway splint efficacy in survival. Infection secondary to intraluminal needlehole communications was likely responsible for the deaths of the splinted pigs. It is notable that 2 of the 3 experimental animals had Westley scores of 1 and 2 (ie, excellent clinical appearance) prior to death. A modification to our model, produced subsequent to the model discussed in the current report, maintained an anterior island of full-thickness trachea, including cartilage, allowing for avoidance of mucosal needle holes, though still with extensive posterolateral mucosal dissection and nearly complete collapse. This animal had cardiopulmonary arrest postoperatively and was returned to the operating room for emergency splint placement. Approximately 8 weeks postoperatively, there was no sign of infection, and the animal maintained excellent clinical appearance. Without surgically created tracheomalacia, animals with splints placed around their tracheas were asymptomatic with long-term survival.
Several aspects of our splint engineering have been meticulously examined and tailored, with the aid of computational design and 3D fabrication, to treat pediatric tracheobronchomalacia. The splint is designed to provide sufficient rigidity to maintain airway patency while allowing internal expansion necessary for tracheal growth. Our laser sintering process is able to rapidly fabricate splints with a defined external shape, internal pore size, and architecture. The bioresorbable nature of the splint is intended to allow for growth of the native trachea while avoiding additional surgical and anesthetic exposures. The biomaterial used to construct the splints, PCL, is specifically chosen for its proven ability to maintain structural integrity for greater than 24 months in human clinical trials.
14 This duration ideally matches the time generally required for growth and development of the trachea sufficient for resolution of symptoms in tracheomalacia 15 . Furthermore, PCL material The result is a novel and unique bioresorbable external tracheal splint designed to ameliorate severe, life-threatening pediatric tracheomalacia. At the time the present article was accepted for publication, the pigs without surgically created tracheomalacia implanted with the splint were alive and being used as part of a long-term animal study to evaluate whether the intended growth and expansion occurs.
Recognized critiques of our study are the low number of animals used, but in initial statistical evaluations, we followed recommendations to kill the fewest animals possible to demonstrate efficacy in extending survival. Mortality in the splinted group was ascribed to the surgically created tracheomalacia on the basis of lack of respiratory distress in splinted pigs, long-term survival and lack of infection in piglets implanted with the splint without induced tracheomalacia, and necropsy findings.
The mortality due to infection brings into question whether the splint may incite or worsen this complication. However, in pigs implanted with the splint without surgically created tracheomalacia, infection was not apparent.
In conclusion, we report herein the findings of our multidisciplinary effort to produce and test a computer-aided designed, computer-aided manufactured, bioresorbable tracheobronchial splint. In a porcine model of severe tracheomalacia, the splint was found to extend survival. The perfect animal model for tracheomalacia does not exist. Mortality in the splinted group was ascribed to the surgically created tracheomalacia on the basis of lack of respiratory distress in splinted pigs, long-term survival and lack of infection in piglets implanted with the splint without induced tracheomalacia, and necropsy findings.
